DEFECT-FREE SEMICONDUCTOR TEMPLATES FOR EPITAXIAL GROWTH 

REFERENCE TO RELATED APPLICATIONS 

This is a divisional of co-pending U.S. Patent Application serial number 
10/456,377, filed June 6, 2003, entitled DEFECT-FREE SEMICONDUCTOR 
TEMPLATES FOR EPITAXIAL GROWTH AND METHOD FOR MAKING SAME, 
which is a continuation-in-part of U.S. Patent Application serial number 09/851,730, filed 
May 9, 2001, entitled "SEMICONDUCTOR DEVICE AND METHOD OF MAKING 
SAME", now U.S. Patent No. 6,653,166. The aforementioned applications are hereby 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

The invention pertains to the field of semiconductor devices. More particularly, the 
invention pertains to fabricating defect-free epitaxial layers for semiconductor device 
applications. 

DESCRIPTION OF RELATED ART 

Propagating defects, including threading dislocations, screw dislocations, stacking 
faults, and antiphase boundaries, play a negative role in semiconductor devices, often 
limiting or even ruining their performance. Propagating defects can act as strong scattering 
centers for carriers, thus reducing their mobility and limiting the performance of many 
semiconductor devices. Some of these devices include heteroj unction bipolar transistors 
(HBT), field effect transistors (FET), and high electron mobility transistors (HEMT). 
Propagating defects can also act as centers of non-radiative recombination, thus ruining 
performance of light-emitting devices like light emitting diodes (LED), optical amplifiers, 
and semiconductor diode lasers. During device operation, particularly at elevated 
temperatures or at high power of light, defects can propagate through the device structure 
and multiply themselves, thus reducing the operating lifetime of the device. 
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Some reasons for the extended defects in a semiconductor heterostructure include, 
but are not limited to: 



o lattice mismatch between an epilayer and a substrate (for example in the 

case of an epilayer having a thickness exceeding the critical thickness 
5 against plastic relaxation); 

o precipitates of point defects and impurities (in the substrates); 

o statistical irregularities during crystal growth (in both the substrate and the 

epilayer); 

o dirt on the substrate surface (generating defects in the epilayer); 

1 0 o nucleation of surface defects (for example "oval defects" in molecular 

beam epitaxy) due to local surface oxidation or statistical formation of 
droplets of source materials at the growth surface; and 

o difference in thermal expansion coefficients between the substrate and the 

epilayer. 

1 5 Several approaches have been proposed to reduce the density of dislocations and 



other defects in epitaxial layers. 

Liu et al. proposed the use of Sb as a surfactant during the growth of Sio.sGeo.5 on Si by 

molecular beam epitaxy in order to reduce the density of threading dislocations ("A 
surfactant-mediated relaxed Si^sGe^s graded layer with a very low threading 
20 dislocation density and smooth surface", Applied Physics Letters, 75 (1 1), 1586— 

1588 (1999)). 

Takano et al. used low temperature growth of InGaAs layers on misoriented GaAs 

substrates by metalorganic vapor phase epitaxy aimed to reduce the density of non- 
radiative recombination centers and improve the photoluminescence properties of 
25 the layers ("Low temperature growth of InGaAs layers on misoriented GaAs 
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substrates by metalorganic vapor phase epitaxy", Applied Physics Letters, 80 (12), 
2054-2056 (2002)). 

Manfra et al. used a double-stage growth of a GaN buffer layer in the growth of 

AIN/GaAIN heterostructures on a sapphire substrate by plasma-assisted molecular 
5 beam epitaxy, attempting simultaneous optimization of threading dislocation 

density and surface morphology ("Dislocation and morphology control during 
molecular-beam epitaxy of AlGaN/GaN heterostructures directly on sapphire 
substrates", Applied Physics Letters 81 (8), 1456-1458 (2002)). Nitrogen 
stabilized conditions were used in the first step, which resulted in a roughened, 
10 three-dimensional growth morphology. This morphology appeared to increase 

dislocation interaction and thus, reduced the number of dislocations, which 
propagated to the surface. Metal stabilized growth conditions were applied in the 
second step, which resulted in smoothening of the growth surface. 

Contreras et al. used Si delta-doping in the epitaxial growth of GaN on a Si (1 1 1) 
15 substrate by metalorganic chemical vapor deposition (^Dislocation annihilation by 

silicon delta-doping in GaN epitaxy on Si", Applied Physics Letters 81 (25), 
4712-4714 (2002)). This led to bending of screw dislocations and "pairing" with 
equivalent neighboring dislocations with opposite Burgers vectors. This resulted in 
the formation of square dislocation loops. However, edge dislocations remained 
20 unaffected by silicon delta-doping. 

Capewell et al. used the terrace grading profile to produce SiGe virtual substrates. 

("Terrace grading of SiGe for high quality virtual substrates", Applied Physics 
Letters 81 (25), 4775-4777 (2002)). 

However, none of these approaches have been very cost-effective or successful in 
25 reducing dislocations sufficiently to create a defect-free epitaxial layer. 



There is a need in the art for an improved method for selective etching off of 
defect-rich regions and application of this method to different materials systems and 
different semiconductor devices. 
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SUMMARY OF THE INVENTION 

A method for fabrication of defect-free epitaxial layers on top of a surface of a 
first defect-containing solid state material includes the steps of selective deposition of a 
second material, having a high temperature stability, on defect-free regions of the first 
5 solid state material, followed by subsequent evaporation of the regions in the vicinity of 
the defects, and subsequent overgrowth by a third material, thus forming a defect-free 
layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 shows a flowchart of the method in the preferred embodiment of the invention. 

10 Fig. 2(a) shows a schematic cross-section of a first solid-state material in a preferred 
embodiment of the invention. 

Fig. 2(b) shows a schematic top view of the first material in Fig. 2 (a) showing the exits of 
defects on the surface according to a preferred embodiment of the invention. 

Fig. 2(c) shows Fig. 2(a) after the second material has been deposited in a preferred 
1 5 embodiment of the invention. 

Fig. 2(d) shows Fig. 2(c) after an annealing step has been performed in a preferred 
embodiment of the invention. 

Fig. 2(e) shows a schematic top view of Fig. 2(d). 

Fig. 2(f) shows Fig. 2(d) after the overgrowth by a third material has been performed in a 
20 preferred embodiment of the invention. 

Fig. 3(a) shows a schematic cross-section of an epitaxial layer, or a substrate, comprising 
defects according to another embodiment of the invention. 

Fig. 3(b) shows a schematic top view of the epitaxial layer in Fig. 3(a), showing the exits 
of defects on the surface according to another embodiment of the invention. 
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Fig. 3(c) shows Fig. 3(a) after the second material has been deposited. 
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Fig. 3(d) shows Fig. 3(c) after an annealing step has been performed. 
Fig 3(e) shows a schematic top view of Fig. 3(d). 

Fig. 3(f) shows Fig. 3(d) after the overgrowth by a third material has been performed. 

Fig. 4(a) shows a layer grown epitaxially on a substrate in an alternative embodiment of 
5 the invention. 

Fig. 4(b) shows Fig. 4(a), where subsurface defect-free regions of the epitaxial layer, on 
the one hand, and subsurface regions of the epitaxial layer in the vicinity of the 
defects, on the other hand, having different strain states, are marked differently. 

Fig. 4(c) shows Fig. 4(a) after a second material has been deposited. 

10 Fig. 4(d) shows Fig. 4(c) after an annealing step is performed. 

Fig. 4(e) shows Fig. 4(d) after an overgrowth by a third material has been performed. 

Fig. 5(a) shows a layer grown epitaxially on a substrate, whereas the thickness of the 

epitaxial layer exceeds the critical thickness and defects have been formed in the 
epitaxial layer, in an alternative embodiment of the invention. 

15 Fig. 5(b) shows Fig.5 (a), where subsurface defect- free regions of the epitaxial layer, on 
the one hand, and subsurface regions of the epitaxial layer in the vicinity of the 
defects, on the other hand, having different strain states, are marked differently. 

Fig. 5(c) shows Fig. 5(a) after a second material has been deposited. 

Fig. 5(d) shows Fig. 5(c) after an annealing step has been performed. 

20 Fig. 5(e) shows Fig. 5(d) after an overgrowth by a third material has been performed. 

Fig. 6 shows a schematic view of a high electron mobility transistor (HEMT) in a 
preferred embodiment of the present invention. 



Fig. 7 shows a schematic view of a semiconductor vertical cavity surface emitting laser 
(VCSEL), in which the n-doped part of the cavity is formed using the method of 
the present invention. 

Fig. 8 shows a schematic view of a semiconductor edge-emitting laser, in which the n- 
doped part of the waveguide is formed using a method of the present invention. 

Fig. 9 shows a flowchart of a method of in-situ fabrication of dislocation-free structures 
from plastically relaxed layers grown on a semiconductor surface suitable for 
epitaxial growth. 

Fig. 10(a) shows a substrate, or an epitaxial layer grown on top of some substrate, with a 
surface suitable for further epitaxial growth according to the method shown in Fig. 
9. 

Fig. 10(b) shows Fig. 10(a) after beginning deposition of a lattice-mismatched layer 
according to the method shown in Fig. 9. 

Fig. 10(c) shows Fig. 10(b) after the strain has caused appearance of dislocations and local 
defects, at some critical thickness, in the lattice-mismatched layer according to the 
method shown in Fig. 9. 

Fig. 10(d) shows Fig. 10(c) after a cap layer has been deposited on top of the lattice- 
mismatched layer of the device in a preferred embodiment of the invention. 

Fig. 10(e) shows Fig. 10(d) after a high temperature-annealing step has been performed. 

Fig. 10 (f) shows Fig. 10(e) after further overgrowth of the defect eliminated layer regions 
by an additional layer of the material having a similar lattice constant with the 
substrate. 

DETAILED DESCRIPTION OF THE INVENTION 

The current invention overcomes the shortcomings of the prior art with an 
improved method for selective etching off of defect-rich regions and application of the 
method to different materials systems and different semiconductor devices. 
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One method to eliminate defects in epitaxial layers deposits a temperature stable 
material, which does not cover the regions in the vicinity of the defects. After thermal 
treatment, the regions near the defects were evaporated. A mechanism for the selective 
repulsion of the cap material with respect to the defect regions is additionally disclosed. 
5 This is elastic repulsion due to different lattice constants in local plastically-relaxed 
regions in the vicinity of the dislocation in the epilayer and the cap layer, which has a 
lattice parameter in no-strain state close to that on the surface of the defect-free regions of 
the epilayer. 

Referring to Figs. 9 and 10, the method oiin-situ fabrication of dislocation-free 
10 structures from plastically relaxed layers grown on a semiconductor surface suitable for 
epitaxial growth (disclosed in U.S. Patent Application Serial No. 09/851,730) is based on 
essentially several effects. In step (900), a crystal surface based on material (1) suitable 
for epitaxial growth is prepared, as it is shown in Fig. 10(a). The crystal surface of 
material (1) is preferably composed of GaAs, or other III-V, II- VI compound 
15 semiconductors or their alloys, or elemental group IV semiconductors and their alloys, or 
oxides (e.g. AI2O3). The crystal surface has a first lattice constant in no-strain case. No 
strain state can be realized in bulk material or in freely suspended film and the lattice 
parameters of all the relevant materials in no-strain state are available in the prior art. 

In step (910), a lattice mismatched layer (2), which has a second lattice constant in 
20 no-strain case, is grown on top of the surface material (1), resulting in the intermediate 
device shown in Fig. 10(b). The lattice-mismatched layer (2) is preferably composed of 
group III-V, or II- VI compound semiconductor or SiGe material, epitaxially grown on 
generally the whole area of the initial surface (1), wherein the lattice constant of the 
lattice-mismatched layer (2) in no-strain state differs from a lattice constant of the initial 
25 surface (1). The growth initially proceeds pseudomorphically, and the lateral lattice 

parameter of the grown film is equal to the lattice constant of the surface. At this stage, 
significant strain energy accumulates in the lattice-mismatched layer (2) because the 
second lattice constant differs from the lattice constant of the substrate material (1). At 
some critical thickness, the strain energy results in partial plastic relaxation of the lattice- 
30 mismatched layer (2) via formation of dislocations (4), such as dislocation networks, local 
defects, and dislocated three-dimensional clusters in step (920). These dislocations (3) 
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are shown in Fig. 10(c). Deposition of the lattice-mismatched dislocated layer (2) 
continues until it reaches a desired thickness in step (130). The dislocated layer (2) may 
have a corrugated surface, and/or represent a compositionally modulated internal structure. 

During steps (910) through (930), the lattice-mismatched layer (2) is preferably 
5 formed by supplying source materials of group III and V elements, group II and VI 

elements, or group IV elements, constituting group III-V compound semiconductor, or II- 
VI semiconductor, or group IV semiconductor materials, to a reaction chamber. Then, a 
thin layer of semiconductor material is initially formed and each element is supplied 
during a defined time period. The total thickness of the dislocated layer (2) exceeds the 
10 critical thickness necessary for dislocation (3) formation. Some examples of growth 
techniques, which could be employed, are molecular beam epitaxy, metal-organic 
chemical vapor deposition, or related growth techniques. Steps (900) through (930) are 
optionally repeated, preferably from two times to twenty four times. 

After the desired average thickness of the dislocated layer (2) is achieved, a cap 

15 layer (4) with a third lattice constant in no-strain case is deposited in step (940). The third 
lattice constant is preferably close to the lattice constant of the initial surface, or, at least, it 
should be closer to the initial surface (1) lattice constant, than to the dislocated layer (2) 
lattice constant in no-strain case, or the lattice mismatch of the cap layer in no strain-state 
with the initial surface has another sign as the lattice mismatch of the dislocated layer in 

20 no-strain case and the initial surface. The temperature during the growth of the cap layer 
(4) allows migration of atoms of the material of the cap layer (4) towards the 
energetically-favorable cites. As a result of these conditions, the areas of the dislocated 
layer (2) near the dislocations (3) are initially not covered by the cap layer (4). The lattice 
constant in these regions is close to that of the dislocated layer (3) in no-strain state, and 

25 these regions are less energetically favorable for nucleation of the cap layer (4) having no, 
or small lattice mismatch with the semiconductor surface in no-strain state, or the lattice 
mismatch of the cap layer (4) with the semiconductor surface in no-strain state is of the 
opposite sign. The total thickness of the layer is kept in such a way that the driven of the 
cap material leaves the areas of the dislocated layer (2) near the dislocations (3) open. The 

30 thermal evaporation rate of the cap layer (4) is preferably lower than that of the dislocated 
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layer (2). The thermal evaporation rate of the initial surface (1) is preferably lower than 
that of the cap layer (4). 

The substrate (1) temperature during epitaxial growth is generally sufficient for 
adatoms of semiconductor materials, which are present on the surface in some 
5 concentrations at elevated temperatures, to diffuse to energetically favorable sites, 

resulting in redistribution of the cap layer (4) during or after epitaxial deposition. As the 
third lattice constant is preferably close to that of the substrate (1), the cap layer (4) 
deposition preferably concentrates away from the regions of the dislocated layer (2) in the 
vicinity of dislocations (3) and/or local defects, as the lattice constant in these regions is 
10 close to the second lattice constant, and the cap layer (4) deposit is more strained when 
formed in these regions. Thus, the regions of the dislocated layer (2) in the vicinity of 
dislocations (3) are preferably not covered. A preferable distribution of the cap layer (4) is 
shown in Fig. 10(d). 

The cap layer (4) is preferably composed of group III-V, or II-IV compound 
15 semiconductor, or SiGe. However, the cap layer (4) preferably has a different 

composition ratio of constituent elements from the dislocated layer (2). The cap layer (4) 
preferably has a similar lattice constant as the initial surface material (1) in the no-strain 
state. Alternatively, the lattice constants of the cap layer (4) in no-strain state differs from 
a lattice constant of the initial surface (1), but the difference between the lattice constant of 
20 the cap layer (4) in no-strain state and the lattice constant of the initial surface (1) is 

smaller than the difference between the lattice constant of the dislocated layer (2) in no- 
strain state and the lattice constant of the initial surface. In a third embodiment, the lattice 
mismatch of the cap layer (4) with the initial surface (1) in no-strain state is preferably of 
the opposite sign as the lattice mismatch of the dislocated layer (2) and the initial surface 
25 (1) in no-strain state. 

After the cap layer (4) is deposited, the substrate temperature is increased up to a 
temperature where the evaporation of the dislocated layer (2) becomes significant in step 
(950). The regions containing dislocations and local defects (3), which are not covered by 
the cap layer (4), are selectively etched-off. The regions of the dislocated layer (2) capped 
30 by the cap layer (4) remain on the surface. The resulting structure, shown in Fig. 10(e), 
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represents an array of regions of the defect eliminated layer (2') covered by the cap layer 
(4) and separated by trenches (5), having a width defined by the etching time and 
temperature. 

The etching time is preferably chosen so that thermal etching results in complete 
evaporation of defects. In one embodiment reduction of the lateral size of the regions of 
the dislocated layer (2) to approximately 20-100 nm occurs. 

In this case the top regions of the lattice-mismatched defect-eliminated layer may 
relax elastically via lateral extension into the trenches. The strain distribution becomes 
non-uniform along the height of the regions of the defect-eliminated layer, and the regions 
near the initial surface accumulate the highest strain energy. This etching scenario results 
in preferential etching of the defect-eliminated layer (2') near the interface with the initial 
surface (1) due to the higher residual strain in this region, thus leading to a mushroom-type 
pedestals for further epitaxial growth. Alternatively, the etching temperature and time are 
chosen so that thermal etching of the regions of the defect-eliminated layer (2) results in 
evaporation of a significant part of this layer (2'). 

In a third embodiment, the annealing step is performed at temperatures sufficient 
for dislocation (3) multiplication. The domains in this embodiment are preferably 20-100 
nm. 

In an alternative embodiment, the dislocated layer (2) is deposited using a 
composition of source materials under certain conditions and growth sequences to realize 
a region where the plastic relaxation occurs via local formation of defect dipoles, 
dislocated clusters, or other local defects, affecting in their vicinity the in-plane lattice 
parameter of the semiconductor material formed in this step. In this embodiment, step 
(940) and step (950) result in local holes in the defect eliminated layer (2'). 

In step (960), an additional layer (6) made of the material as the initial surface is 
deposited on the device, so that it overgrows the cap layer (4). The resulting structure is 
shown in Fig. 10(f). Alternatively, the additional layer (6) is not identical to the initial 
surface material (1), but has a lattice constant close to the lattice constant of the initial 
surface material (1), and is grown or the defect- free-regions are used as templates for 
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further epitaxial growth of semiconductor material having an arbitrary lattice parameter. 
In both situations, the growth is accomplished according to the desired geometry of a 
practical device. The additional layer (6) is preferably composed of group III-V or II- VI 
compound semiconductor or SiGe, or multilayer structure. Steps (910) through (960) are 
preferably repeated in step (970) two to forty times, depending on the device being 
fabricated. In one embodiment, the layers are doped to provide free electron or hole 
concentration in the defect eliminated layer (2') preferably in the 10 17 -10 19 cm" 3 range. 

Steps (940)-(960) are optionally repeated preferably two to forty times to provide 
optimal elimination of defects. 

This method fabricates defect-free semiconductor structures by selective 
evaporation of defect-rich regions. One of the primary focuses of this method is the 
elimination of defects in the active regions of semiconductor diode lasers. 

In one embodiment of the method, defect-free regions at the surface formed by the 
above-described treatment are used as templates for further epitaxial growth of 
semiconductor materials having an arbitrary lattice parameter, and the device is formed on 
top of the surface. 

Fig. 1 shows a flowchart of a method of the present invention, which grows 
defect-free epitaxial layers on top of a material containing defects. The method includes 
multiple steps. In step (100), a surface suitable for further epitaxial growth and containing 
defect regions, for example a first solid state material, is prepared. In a preferred 
embodiment, the first solid state material is a substrate or a first epitaxial layer. The first 
solid state material has a first thermal evaporation rate. 

In step (1 10), a cap layer composed of a second material is deposited on the 
surface of the first solid state material. The cap layer is preferably thin. For example, in an 
embodiment of the present invention, where AlAs is used as a cap layer material, the 
thickness of the AlAs cap layer is adjusted according to the deposition and annealing 
temperature to have the regions near the defects open prior to the etching procedure. In the 
example of etching InGaAs at 700° C, the AlAs cap thickness is to be kept preferably 
between 0.2 and 5 nm. 
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In another embodiment, the defect region can be covered by the cap layer at the 
initial stage of the etching and the open regions appear upon the evaporation and 
redistribution of the cap material during the high-temperature annealing phase. In this 
embodiment, the cap layer is preferably thinner than 30 nm. 

The second material preferably has a second thermal evaporation rate lower than 
the first evaporation rate. The cap layer preferably covers the defect-free regions of the 
first solid state material and does not cover regions in the vicinity of at least some defects. 

Step (120) is an annealing step performed under conditions where at least some 
regions of the first solid state material in the vicinity of the defects, which have not been 
covered by the cap layer, evaporate at least from some near-surface regions of the first 
solid state material. The defect- free regions covered by the cap layer persist. 

Steps (1 10) and (120) are preferably repeated, if desired, in step (125). Each time 
these steps are repeated, the method preferably addresses a different type of defects. In a 
preferred embodiment, the number of repetitions ranges from two to forty. 

A third material is deposited in step (130). The third material covers surface 
regions of the cap layer and forms a defect-free epitaxial layer suitable for further epitaxial 
growth. 

Steps (110) through (130) are preferably repeated in step (135) to increase the 
effect of the defect reduction. In a preferred embodiment, the number of repetitions ranges 
from two to fifty. 

The method of the present invention, which grows defect-free layers on top of 
defect-containing layers, is illustrated in detail by particular embodiments in the following 
descriptions of the Figures. 

Fig. 2 shows an example of an embodiment of the present invention. Fig. 2(a) 
corresponds to step (100) and shows schematically a cross-section of the first solid state 
material (201), shown here as an epitaxial layer. The epitaxial layer (201) has a first 
thermal evaporation rate and includes extended defects (202). The type of defects (202) in 
the epitaxial layer (201) include, but are not limited to, threading dislocations, screw 
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dislocations, stacking faults, antiphase domain boundaries, or any combination thereof. 
Fig. 2(b) shows a top view of the epitaxial layer (201) showing exits (205) of extended 
defects (202) on the surface. 

Preferred materials of the epitaxial layer (201) include, but are not limited to, 
5 semiconductors such as Si, GaAs, GaSb, InP, or GaN, or semiconductor alloys such as Sij. 
x Ge x , Gai_ x In x As, or Gai„ x In x N. Preferred materials of the cap layer (203) include, but are 
not limited to semiconductors, such as Si, AlAs or A1N. 

The most damaging types of defects in device applications are extended defects. 
These defects include, but are not limited to, threading dislocations, screw dislocations, 

10 stacking faults, and antiphase domain boundaries (e.g., in the case of GaAs growth on Si). 
These defects are especially damaging because they can propagate throughout the further 
epitaxial layers. Point defects like dislocation loops, defect dipoles, three-dimensional 
dislocated clusters, and precipitates of impurity atoms on the surface are also potentially 
damaging, as these defects can give rise to other defects propagating in the epitaxial 

15 layers. 

The surface regions of the epitaxial layer (201) in the vicinity of the exits of 
extended defects (202) and the surface regions remote from the exits of the extended 
defects preferably have different physical characteristics. These two types of surface 
regions can differ in strain, in surface energies, in the intrinsic surface stress, in surface 
20 morphology, in wetting/non-wetting properties regarding the deposition of another 
material, or in any combination of these characteristics. 

When the cap layer (203) is deposited on the surface containing defects in step 
(110), it grows preferably at the energetically favorable surface regions and does not grow 
at unfavorable surface regions. The change of the energy of the system per unit surface 
25 area may be written as follows: 

&E = f eIasl h + Ar, (i) 

where f elast is the elastic strain energy density, h is the cap layer thickness, and Ar is the 
combination of surface and interface energies, 
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- y cap + y mt erface y x , (2) 

which determines the wetting (Ar < 0) or non-wetting ( Ar > 0 ) conditions at the 
deposition of the cap material. Here y x is the surface energy of the substrate or the first 

epilayer, y cap is the surface energy of the cap layer, and y interface is the interface energy. 

5 The elastic strain energy density depends on the local strain. The same is valid for the 
surface and interface energies, which are renormalized in the strain field. Thus, e.g., the 
surface energy of the substrate or the first epilayer y x may be written as a function of the 
strain tensor s i} as follows: 

10 where y\^ is the surface energy of an unstrained surface, and r y is the intrinsic surface 

stress tensor. The combination of surface and interface energies Ar from Eq. (3) depends 
on the local strain as well. Depending on material parameters, the energetically preferred 
positions for the growth of the cap layer are dominated by any of the above mentioned 
differences between the two surface regions. 

15 It should be noted that, for some combinations of materials, the cap material is 

attracted to the defect regions and preferably decorates defects. For other material 
combinations, the cap material is repelled from the defect regions. The latter material 
combinations are preferably used in the method of the present invention. 

Fig. 2(c) shows a cross-section of the epitaxial layer after the cap layer (203), 
20 composed of a second material, has been deposited. The cap layer (203) is deposited such 
that it covers defect-free regions of the surface and does not cover regions in the vicinity 
of the defects. The material of the cap layer is preferably selected such that it possesses 
two properties. First, due to the above mentioned difference between defect-free surface 
regions and surface regions in the vicinity of the defects, the cap layer material covers the 
25 surface regions remote from the defect regions and does not cover the defect regions. 

Second, the cap layer material has a second thermal evaporation rate lower than the first 
thermal evaporation rate. 
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Selective deposition can be realized on both planar and wavy surfaces. 
Additionally, defects themselves affect the surface morphology, resulting in a change of 
surface reconstruction and/or the onset of steps and/or the onset of tilted facets in the 
vicinity of the defects. If, due to the change in surface morphology, the regions in the 
5 vicinity of the defects are energetically unfavorable for the growth of the cap material, this 
allows for selective deposition. 

Fig. 2(d) shows a cross-section of the epitaxial structure after the thermal annealing 
step (120). Evaporated regions of the first material in the vicinity of the defects form 
troughs in the regions of the exits of the defects. Defect- free surface regions covered with 
10 the cap layer (203) remain unaffected, whereas uncovered regions of the epitaxial layer 

(201) in the vicinity of the defects (202) at least partially evaporate, forming troughs (204) 
in the vicinity of the defect exits (205). Fig. 2(e) shows troughs (204) surrounding exits of 
the defects (205) in a top view of Fig. 2(d). 

Fig. 2(f) shows a cross-section of the structure after the overgrowth of a third 
material forming an epitaxial layer (206) in step (130). The troughs (204) over the exits 
(205) of the defects (202) are overgrown from the sides, forming voids (207) in the 
epitaxial structure. The third material forms a defect-free epitaxial layer (206), suitable as 
a template for further epitaxial growth. The material of the layer (206) is selected such 
that the overgrowth starts from the regions covered by the thin layer (203), further 
proceeds via the lateral epitaxial overgrowth such that regions of the layer (206) start to 
form on top of the thin layer (203), and then merge, forming a defect-free epitaxial layer 
(203). 

In a semiconductor device based on a defect-free epitaxial layer grown on top of a 
defect-containing layer, the main region is remote from the interface between the layer 
25 (203) and the layer (206). Thus, in electronic devices such as a high electron mobility 

transistor, the layer in which a high mobility is realized is remote from the voids (207). In 
optoelectronic devices, such as semiconductor diode lasers, the active region is remote 
from the voids (207). Thus, the voids (207) do not directly affect the performance of the 
semiconductor devices. One of the advantages the voids (207) provide is that the voids 
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20 
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(207) block further propagation of extended defects (202) into the epitaxial layer (206) and 
further epitaxial layers. 

The voids are formed preferably in cases when the etching of the defect regions is 
performed to a significant depth, preferably exceeding 10 nm, in such a way that vertically 
and laterally-extended voids are formed in the defect-containing layer. This approach is 
preferable when the dislocations impose very significant strain, which may stimulate their 
propagation into the defect-free epilayer after the voids are filled with defect-free material. 
In another embodiment the voids are formed intentionally to achieve the desired 
mechanical, electrical or optical property. For example, a higher resistivity of a layer with 
voids can be achieved than in a layer without voids. In another example, the layer with 
voids may provide high optical reflectivity and can be used for fabrication of distributed 
Bragg reflectors. 

Preferred materials of the overgrowth layer (206) include, but are not limited to, 
semiconductors such as Si, GaAs, GaSb, InP, or GaN, or semiconductor alloys such as Si]. 
x Ge x , Gai_ x In x As, or Gai_ x In x N. In some embodiments, the material of the overgrowth 
layer (206) is the same material as the epitaxial layer (201). 

Some preferred material combinations include, but are not limited to, the 
following: 

If the layer (201) is composed of the semiconductor alloy Sii_ x Ge x , the preferred 
embodiment for the cap layer (203) is Si. In this embodiment, the defect-free layer (206) 
is preferably composed of Sii_ x Ge x , with the same composition "x" as the layer (201). 

If the layer (201) is composed of the semiconductor alloy Gai_ x In x As, the preferred 
composition for the cap layer (203) is AlAs. In this embodiment, the defect-free layer 
(206) preferably is composed of Gai_ x In x As, with the same composition "x" as the layer 
(201). 
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When the layer (201) is composed of the semiconductor alloy Gai_ x In x N, the cap 
layer (203) is preferably A1N. In this embodiment, the defect-free layer (206) is preferably 
formed of Gai_ x In x N, with the same composition "x" as the layer (201). 

If the layer (201) is GaN, the preferred embodiment for the cap layer (203) is A1N 
and the defect-free layer is preferably GaN. 

In another embodiment of the present invention, a thin pseudomorphic layer is 
deposited on the substrate or a first epilayer containing defects prior to the cap layer (203) 
being deposited. This pseudomorphic layer possesses two properties. First, the thickness 
of the pseudomorphic layer is below the critical thickness at which the formation of new 
defects occurs. In addition, the pseudomorphic layer provides necessary selectivity for the 
further deposition of the cap layer (203) such that the cap layer material grows on the 
defect-free regions and does not grow in the vicinity of the defects that have propagated 
from the substrate or the first epilayer to the surface of the pseudomorphic layer. 

In a preferred application of this embodiment, the materials are a defected GaAs 
substrate, onto which a thin pseudomorphic Gai_ x In x As layer is deposited, onto which a 
thin AlAs cap layer is deposited. Then, the structure is overgrown by GaAs, which forms a 
defect-free epitaxial layer. 

In another embodiment of the present invention, a thin pseudomorphic layer is 
deposited on the defect-free epitaxial layer. Preferred materials for this embodiment 
include a Sii_ x Ge x epitaxial layer containing propagating defects, capped by a thin Si cap 
layer, onto which a defect-free Sii_ x Ge x layer is deposited, onto which a thin 
pseudomorphic strained Si layer is deposited. 

In another embodiment of the present invention, the evaporation rate of the defect- 
regions is increased by enhancement of the evaporation process. This process is 
preferably enhanced by chemical etching using a flux of chemically-active atoms or 
molecules or by plasma etching when the uncovered material in the vicinity of defects has 
a higher etching rate due to plasma-assisted or chemical etching than the cap material. In 
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this case, the temperature should be sufficient to provide enough energy for the chemical 
or plasma reaction to occur. 

In another embodiment, wet etching eliminates the defected regions such that the 
uncovered material in the vicinity of the defects has a higher etching rate than the cap 
material. 

The long-range order of the crystal lattice is not necessary to the method of the 
present invention. The same approach can be used for selective defect elimination in any 
solid-state materials, including but not limited to organic materials, glasses, or 
photoresists. 

Fig. 3 shows the method according to another embodiment of the present 
invention. Figs. 3(a) through 3(e) are the same as Figs. 2(a) through 2(e), respectively. 
Fig. 3(f) shows a cross section of the structure after the overgrowth process. The third 
material forms a defect-free epitaxial layer, suitable as a template for further epitaxial 
growth. In this embodiment, the material of the overgrowth layer (206) covers troughs 
(204) completely, and no voids remain after the overgrowth. 

Fig. 4 shows the method according to an alternative embodiment of the present 
invention. Fig. 4(a) shows an epitaxial layer (401) grown on a substrate (41 1). The 
thickness of the epitaxial layer exceeds the critical thickness for the formation of defects. 
Thus propagating defects are formed in the epitaxial layer. The epitaxial layer (401) has a 
first thermal evaporation rate and is preferably lattice-mismatched with respect to the 
substrate (411). When the thickness of the layer (401) exceeds the critical thickness 
required for the creation of defects, defects (202) form, and the layer (401) continues to 
grow metamorphically. The layer (401) comprises large domains (403) that are defect-free 
and have a lattice parameter close to or nearly equal to the lattice parameter of unstrained 
material forming the layer (401). These domains are separated by relatively narrow 
regions in the vicinity of the extended defects (202). 

Preferred materials for the substrate (411) include, but are not limited to 
semiconductors such as Si, GaAs, GaSb, InP, SiC, or sapphire. A preferred material for 
the epitaxial layer (401) is a material lattice-mismatched to the substrate (411). 
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Fig. 4(b) illustrates a difference between the strain state of the surface regions 
(421) far from the extended defects (202) and the surface regions (422) in the vicinity of 
the extended defects (202). 

Fig. 4(c) shows schematically the epitaxial structure after the deposition of the cap 
layer (203). The cap layer (203) has a second thermal evaporation rate lower than the first 
thermal evaporation rate. The cap layer (203) covers the surface regions (421) of the 
epitaxial layer (401) far from the extended defects, whereas the surface regions (422) in 
the vicinity of the extended defects remain uncovered. The defect-free regions of the first 
layer are now covered, and regions of the first layer in the vicinity of the defects remain 
uncovered. 

Fig. 4(d) shows the epitaxial structure after the thermal annealing step. The 
uncovered parts of the surface of the first layer at the exits of the defects are annealed and 
troughs form. Since the cap layer (203) has a lower thermal evaporation rate than the 
layer (401), a thermal annealing regime (temperature and duration) is selected such that 
the layer (203) remains unaffected whereas the uncovered regions of the layer (401) in the 
vicinity of the defects (202) at least partially evaporate. Troughs (204) are formed in the 
vicinity of the exits (205) of the defects. 

Fig. 4(e) shows the epitaxial structure after the overgrowth step. The troughs are 
*now overgrown from the sides, and a defect-free epitaxial layer of the third material has 
been formed. Voids are formed at the exits of the defects of the first layer. The material 
and the thermal annealing regime of the overgrowth step are preferably selected so that the 
lateral epitaxial overgrowth mode occurs. Regions of the overgrowth layer (406) start to 
form on top of the cap layer (203) and then merge, forming a defect-free epitaxial layer 
(406). Troughs (204) over the exits of the defects (205) create, after the overgrowth, voids 
(207) in the epitaxial structure. The defect-free epitaxial layer (406) is preferably selected 
such that it has a lattice parameter close to or equal to the lattice parameter of the 
unstrained material forming the layer (401), and therefore is lattice-mismatched to the 
substrate (411). Thus, a defect-free layer (406), lattice-mismatched to the substrate (411) 
and suitable for a further epitaxial growth, is formed. 
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Table 1 shows different preferable combinations of materials to be used in the 
layers of the device. For example, in one embodiment, if the substrate (41 1) is formed of 
Si, the epitaxial layer (401) is preferably formed of Gai_ x In x As, the cap layer (203) is 
preferably formed of AlAs, and the defect-free epitaxial layer (406) is preferably formed 
5 of Gai_ x _ y In x AlyAs having the same composition "x" as the epitaxial layer (401). Note that 
the aluminum composition "y" hardly affects the lattice parameter, and the two layers 
remain nearly lattice-matched irrespective of "y" 

In another embodiment shown in Table 1, the substrate (41 1) is Si with the surface 
orientation (1 1 1), the epitaxial layer (401) is GaN, the cap layer (203) is A1N, and the 
10 defect-free layer (406) is preferably formed of GaN. 



TABLE 1 



Substrate 
(411) 


Epitaxial 
Layer (401) 


Cap 
layer 
(203) 


Epitaxial Layer 
(406) 


Comments 


ol 


Si]. x Ge x 




Sii- x Ge x 


Composition "x same in 
layers (401) and (406) 


Si 


Gai_ x In x As 


AlAs 


Gai. x In x As 


Composition "x" same in 
layers (401) and (406) 


Si 


Gai. x In x As 


AlAs 


Gai. x . y In x Al y As 


Composition "x" same in 
layers (401) and (406) 


GaAs 


Gai. x In x As 


AlAs 


Gai. x In x As 


Composition "x" same in 
layers (401) and (406) 


GaAs 


Gai. x In x As 


AlAs 


Gai. x .yIn x Al y As 


Composition "x" same in 
layers (401) and (406) 


Si(lll) 


GaN 


A1N 


GaN 




Si(lll) 


Ga,. x In x N 


A1N 


Ga,. x In x N 


Composition "x" same in 
layers (401) and (406) 


Si(lll) 


Gai_ x _ y In x Al y N 


A1N 


Gai_ x _yIn x Al y N 


Composition "x" and "y" 
same in layers (401) and 
(406) 


SiC 


GaN 


A1N 


GaN 




SiC 


Gai. x In x N 


A1N 


Gai_ x In x N 


Composition "x" same in 
layers (401) and (406) 


SiC 


Gai. x . y In x Al y N 


A1N 


Gai. x . y In x Al y N 


Composition "x" and "y" 
same in layers (401) and 
(406) 


Sapphire 


GaN 


A1N 


GaN 





21 



Sapphire 


Ga!. x In x N 


A1N 


Ga ( . x In x N 


Composition "x" same in 
layers (401) and (406) 


Sapphire 


Gai. x .yIn x Al y N 


A1N 


Gai. x . y In x Al y N 


Composition "x" and "y" 
same in layers (401) and 
(406) 



In another embodiment, a thin pseudomorphic layer of strained Si is grown on a 
defect-free metamorphic Sii. x Ge x layer. As another example, if the substrate (41 1) is Si, 
the epitaxial layer (401) is preferably GaAs, onto which a thin pseudomorphic layer of 
Gai_ x In x As is deposited, which is followed by a thin cap layer preferably formed of AlAs, 
followed by the defect-free GaAs layer. 



Fig. 5 shows schematically the method according to another embodiment of the 
present invention. Figs. 5(a) through 5(d) correspond to Figs. 4(a) through 4(d), 
respectively. 

Fig. 5(e) shows a cross section of the structure after the overgrowth step. In this 
embodiment, the troughs are overgrown from the sides, and a defect-free epitaxial layer of 
the third material is formed. The troughs are now filled with the third material, and there 
are no voids. In this embodiment, the material of the overgrowth layer (406) covers 
troughs (204) completely, and no voids remain after the overgrowth. Thus, a defect- free 
layer (406), lattice-mismatched to the substrate (411) and suitable for a further epitaxial 
growth, is formed. 

The present method of fabrication of defect-free epitaxial layers grown on top of 
plastically relaxed layers can be employed widely in practically all types of semiconductor 
devices. Some of these devices include, but are not limited to, high electron mobility 
transistors, field effect transistors, heteroj unction bipolar transistors, integrated circuits, 
diode lasers, light-emitting diodes, photodetectors, optical amplifiers, far infrared 
intraband detectors, intraband far infrared emitters, resonant tunneling diodes, solar cells, 
optically bistable devices, current-injection edge-emitting lasers, vertical cavity surface 
emitting lasers, and tilted cavity lasers. 

In particular, the fabrication of high electron mobility transistors (HEMT) requires 
materials with a high mobility. These materials are frequently lattice-mismatched to 
commercially available substrates, like Si, GaAs, SiC or sapphire. Application of the 
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method of the present invention allows for fabrication of defect-free layers on top of 
plastically relaxed layers, thus allowing for the fabrication of any desired material, defect- 
free. 

In an embodiment of the present invention, a high electron mobility transistor 
(HEMT) is fabricated on a defect-free Gai_ x In x As layer, grown on top of a plastically 
relaxed Gai_ x In x As layer, which is grown on top of a Si or GaAs substrate. 

In another embodiment of the present invention, a high electron mobility transistor 
(HEMT) is fabricated on a defect-free GaN layer grown on top of a plastically relaxed 
GaN layer, which is grown on top of a substrate including, but not limited to, Si (1 1 1), 
SiC, or sapphire. 

In yet another embodiment of the present invention, a high electron mobility 
transistor (HEMT) is fabricated on a defect-free Gai_ y In y N layer, grown on top of a 
plastically relaxed Gai_ x In x N layer, which is grown on top of a substrate composed of a 
material including, but not limited to, Si (1 1 1), SiC, or sapphire, where the composition 
"y" is preferably close to the composition "x". 

In an alternative embodiment of the present invention, a high electron mobility 
transistor (HEMT) is fabricated on a defect-free Gai_ z _ t In z AltN layer, grown on top of a 
plastically relaxed Gai_ x _ y In x Al y N layer, which is grown on top of a substrate including, 
but not limited to, a Si (1 1 1) substrate, a SiC substrate, or a sapphire substrate, where the 
composition "z" is preferably close to the composition "x", and the composition "t" is 
preferably close to the composition "x". 

Another embodiment for a high mobility material is biaxially strained Si such that 
four valleys of the conduction band are shifted to higher energy and become depopulated, 
whereas the remaining two valleys of the conduction band shift to a lower energy and 
remain populated. Then, the longitudinal effective mass which governs the in-plane 
mobility of electrons significantly decreases, resulting in a substantial increase of mobility. 
Thus, a thin pseudomorphically strained Si layer is grown on top of a defect-free Sii. y Ge y 
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layer, which is grown on top of a plastically relaxed Sii_ x Ge x layer, which is grown on top 
of a Si substrate. This structure can be used in integrated circuits. 

Another group of embodiments of the present invention refers to semiconductor 
diode lasers on a GaAs substrate. A need to shift the wavelength of emitted laser light to 
5 the wavelength region from 1.4 to 1.8 jam requires using active regions formed of an alloy 
Gai_ y In y As. To form these active regions without defects, a defect-free layer of Gai_ 
y In y As is grown on a plastically relaxed Gai_ x In x As layer, which is grown on a GaAs 
substrate. 

Fig. 6 shows a high electron mobility transistor (HEMT) (600) grown according to 
10 another embodiment of the present invention. In this embodiment, the undoped regions 
are formed using the method of Fig. 1, and an n-channel is self-formed in a part of the 
undoped region. The structure is grown epitaxially on a substrate (61 1). In a preferred 
embodiment, the substrate (611) is composed of undoped GaAs. The epitaxial layer (601) 
is preferably composed of undoped Gai_ x In x As, and the thickness of the layer (601) 
15 exceeds the critical thickness required for plastic relaxation such that the layer (601) is 
plastically relaxed and contains propagating defects (202). The cap layer (603) is 
preferably a thin layer of AlAs. The layer (606) is preferably formed of undoped Gaj_ 
y In y As, having the composition "y" preferably close or equal to the composition "x" of the 
layer (601). According to another embodiment of the present invention described in detail 
20 in Fig. 4, the layer (606) has a substantially reduced density of defects compared to the 
layer (601) and may be considered defect-free. 

The layer (681) is grown epitaxially on the layer (606) and is preferably formed of 
undoped Gai_ z _ t In z Al t As, where the indium composition "z" is preferably close or equal to 
the composition "y" of the layer (606) such that the layer (681) is lattice-matched or 
25 nearly lattice-matched to the layer (606). 

The layer (682) is grown epitaxially on the layer (681) and is preferably composed 
of n-doped Gai_ r _ s In r Al s As, where the indium composition "r" is preferably close or equal 
to the composition "y" of the layer (606) such that the layer (682) is lattice-matched or 
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nearly lattice-matched to the layers (606) and (681). The layer (682) is n-doped, 

18-3 

preferably to the donor density 10 cm or above. Possible donor impurities include, but 
are not limited to, S, Se, or Te, and amphoteric impurities including Si, Ge, or Sn. The 
latter are introduced under such technological conditions that they are incorporated 
5 predominantly into the cation sublattice and serve as donor impurities. The preferred 
embodiment is n-doping by Si impurities. 

Regions (686) and (687) are regions, which have persisted from the n + -doped layer 
after a part of it has been etched off. They are formed preferably from Gai_ r In r As, having 
the same indium composition "r" as the layer (682), and are n-doped preferably to a 
10 higher doping level than the layer (682). 

N-contacts (691) and (692) are preferably formed from multi-layered metal 
structures. They can be formed from, but are not limited to, the structure Ni-Au-Ge. The 
contact (693) is a gate forming Schottky barrier (688) on the metal-semiconductor 
interface. 

15 The HEMT (600) operates as follows. Energy positions of the donor levels in the 

layer (682) are at higher energies than the bottom on the conduction band in the layer 
(606). Therefore electrons from the donor levels move due to thermal activation and/or 
tunneling through the barrier (681) from the layer (682) to the layer (606). Then the 
ionized donors in the layer (682) positively charge the layer (682), while excess electrons 

20 in the layer (606) negatively charge the layer (606). This generates an electric field, which 
hinders further charging of the structure and attracts electrons in the layer (606) to the 
heterojunction with the barrier (681). The electrons in the layer (606) thus form a two- 
dimensional electron gas in a narrow layer (676). The electrons in this two-dimensional 
electron gas have a high mobility because scattering by ionized donor impurities is 

25 reduced as donors are spatially separated from the electron gas (as usual in HEMTs). In 
addition, the electron gas is formed in a Gai_ y In y As material, where electrons have a 
higher mobility than in GaAs. 



A bias (696) is applied between the source (691) and the drain (692), allowing a 
current of electrons from the source (691) to the drain (692) through the highly conductive 
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n-channel (676). The voltage (697) applied to the gate (693) controls the electron density 
in the channel (676) and thus controls the current through the channel. The HEMT (600) 
is preferably used, for example, as a high-frequency amplifier, or as a logic element in 
integrated circuits. 

5 In another embodiment of the present invention, a high electron mobility transistor 

is formed under such technological conditions that the defect-free epitaxial contains no 
voids. 

Fig. 7 shows a vertical cavity surface emitting laser (VCSEL) (700) fabricated 
using the method of the present invention. One embodiment of a VCSEL shown 
10 schematically in Fig. 7 is a GaAs-based VCSEL emitting a laser light at the wavelength in 
the wavelength region from 1.4 to 1.8 jam. VCSEL (700) comprises a cavity (740) 
sandwiched between a bottom distributed Bragg reflector (bottom DBR) (752) and a top 
distributed Bragg reflector (top DBR) (754). The bottom DBR (752) is grown epitaxially 
on a substrate (751). 

15 Different designs for the bottom mirror (752) and for the top mirror (754) can be 

used, as described, e.g. in Vertical-Cavity Surface-Emitting Lasers: Design, Fabrication, 
Characterization, and Applications by C.W. Wilmsen, H. Temkin, L.A. Coldren (editors), 
Cambridge University Press, 1999. The preferred embodiment for the bottom mirror (752) 
is an n-doped multi-layered semiconductor mirror GaAs/GaAlAs. The preferred 

20 embodiment for the top mirror (754) is a p-doped multi-layered semiconductor mirror 
GaAs/GaAlAs. 

The structure is grown epitaxially on the substrate (751). The substrate (751) is 
preferably formed from any III-V semiconductor material or III-V semiconductor alloy, 
for example, GaAs, InP, or GaSb, and is n-doped. The preferred embodiment for the 
25 substrate (75 1 ) is n-doped GaAs. 



A distributed Bragg reflector (DBR) is used for the bottom mirror (752). The 
cavity (740) comprises an n-doped region (730), an active region (741), and a p-doped 
region (742). 



26 



The n-doped region (730) of the cavity is made by using the defect reduction 
method shown in Fig. 1 and Fig. 4. The layer (731) is lattice-matched to the substrate 
(751). The layer (721) has a predefined lattice parameter value and is preferably lattice- 
mismatched to the layer (731) (and to the substrate (751)). The thickness of the layer (721) 
exceeds the critical thickness required to create extended defects, thus extended defects 
(722) form. The layer (722) is covered by a thin cap layer (723). The cap layer (723) 
covers defect-free regions of the layer (721) and does not cover the regions in the vicinity 
of the defects. After the thermal annealing step, troughs are formed over the exits (725) of 
the defects (722). Overgrowth of the layer (726) proceeds in the lateral epitaxial 
overgrowth mode, and forms a defect-free layer (726). Voids (727) are formed over the 
exits of the defects. The defect-free layer (726) is preferably lattice-matched to the layer 
(721). Thus, the defect- free layer (726) has a predefined lattice parameter value and is 
preferably lattice-mismatched to the layer (731) and to the substrate (751). 

The layer (731) is preferably formed of a semiconductor, lattice-matched, or nearly 
lattice-matched to the substrate (751), transparent to the generated laser light and n-doped. 
The preferred embodiment is an n-doped GaAs layer (731). 

The layer (721) is formed of a semiconductor, transparent to the generated laser 
light, n-doped, and, preferably lattice-mismatched to the substrate (751). The preferred 
embodiment is an n-doped Gai_ x In x As layer (721). 

The layer (723) is preferably composed of a material with the following 
characteristics: transparency to the generated laser light, n-doped, a lower thermal 
evaporation rate than the material of the layer (721), and selective coverage of the defect- 
free surface regions. The preferred material for the layer (723) for GaAs-based systems is 
AlAs. 

The layer (726) is formed of a semiconductor, transparent to the generated laser 
light, n-doped, and, preferably, lattice-matched or nearly lattice matched to the layer (721). 
The preferred embodiment is an n-doped Ini_ x Ga x As layer (726) with the same indium 
content as in the layer (721). 



27 



The defect-free layer (726) is suitable for further epitaxial growth. An active 
region (741) is grown epitaxially on top of the layer (726). The p-doped region (742) of 
the cavity is grown epitaxially on top of the active region (741). The top DBR (754) is 
used for the top mirror and is grown epitaxially on top of the p-doped part of the cavity 
5 (742). 

The active element (741) is preferably formed by any insertion, the energy band 
gap of which is narrower than that of the layers (726) and (721). Possible active elements 
include, but are not limited to, a single-layer or a multi-layer system of quantum wells, 
quantum wires, quantum dots, or any combination thereof. In one example of the device 
10 on a GaAs-substrate, preferred embodiments for the active element include, but are not 
limited to, a system of insertions of InAs, Gai_ x In x As, In x Gai_ x _ y Al y As, In x Gai. x Asi_ y N y 
or similar insertions. A preferred embodiment uses a single-layer or a multi-layer of Ini_ 
x Ga x As quantum wells or quantum dots having a larger indium content than the one in the 
layers (721) and (726). 

15 In another embodiment of the present invention, the active element (741) is a 

strained-compensated multi-layered structure. In this embodiment, the layer (726) is Gaj_ 
x In x As with an indium content xq. The active layer is formed by a sequence of alternating 
layers of quantum wells, quantum wires or quantum dots formed by the deposition of Gai_ 
x In x As with the indium content xj >xq separated by spacer layers formed by the deposition 

20 of Gai_ x In x As with the indium content X2<xq, such that the active layer (741) is on average 
lattice-matched or nearly lattice-matched to the layer (721). 

The p-region (742) of the cavity is formed from a material, transparent to the 
generated laser light and preferably lattice-matched to the layer (726), and doped by an 
acceptor impurity. For an embodiment based on a GaAs substrate, the layer (742) is 
25 preferably a layer of p-doped Gai_ x In x As having the same indium content as the layer 

(726). Possible acceptor impurities include, but are not limited to Be, Mg, Zn, Cd, Pb, or 
Mn and amphoteric impurities like Si, Ge, or Sn. The latter are introduced under such 
technological conditions that they are incorporated predominantly into the anion sublattice 
and serve as acceptor impurities. 
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The n-contact (761) is mounted on the bottom side of the substrate (751). The p- 
contact (762) is mounted on top of the top DBR (754). The VCSEL (700) operates under a 
forward bias (763) applied through the structure to the active region (741). Generated laser 
light (756) comes out through the optical aperture (755). 

The metal contacts (761) and (762) are preferably multi-layered metal structures. 
The contact to the n-doped layer, i.e. contact (761), is preferably formed from the structure 
including, but not limited to, Ni-Au-Ge. The contact to the p-doped layer, i.e. contact 
(762), is preferably formed by the structure including, but not limited to, Ti-Pt-Au. 

In another embodiment of the present invention, a vertical cavity surface emitting 
laser is formed under such technological conditions that the defect-free epitaxial layer 
grown on top of the defect containing epitaxial layer is formed such that no voids occur. 

Fig. 8 shows an edge-emitting semiconductor diode laser (800) in another 
embodiment of the present invention. One embodiment of the edge-emitting laser is a 
GaAs-based edge-emitting laser emitting a laser light at a wavelength in the wavelength 
region from 1.4 to 1.8 (im. The waveguide (840) is sandwiched between an n-cladding 
layer (852) and a p-cladding layer (854). 

N-cladding layer (852) is grown epitaxially on a substrate (751). The layer (852), 
formed of a material preferably lattice-matched or nearly lattice-matched to the substrate 
(751), is transparent to the generated laser light, and has a refractive index lower than the 
average refractive index of the waveguide (840). Layer (852) is also doped by a donor 
impurity. For a GaAs-based device, the preferred material for layer (852) is n-doped Gaj_ 
x Al x As. 

The waveguide (840) comprises an n-doped region (830), an active region (841), 
and a p-doped region (842). The n-doped region (830) is fabricated using the defect 
reduction method of the present invention, preferably similarly to the n-doped region of 
the cavity in the VCSEL shown in Fig. 7. 

The active element (841) is preferably formed by any insertion, the energy band 
gap of which is narrower than that of the layers (726) and (721). Possible active elements 
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include, but are not limited to, a single-layer or a multi-layer system of quantum wells, 
quantum wires, quantum dots, or any combination thereof. In a device on a GaAs- 
substrate, preferred embodiments for the active element include, but are not limited to, a 
system of insertions of InAs, Ini_ x Ga x As, In x Gai_ x _ y Al y As, In x Gai_ x Asi_ y N y or similar 
materials. A preferred embodiment is a single-layer or a multi-layer of Ini_ x Ga x As 
quantum wells or quantum dots having a larger indium content than the indium content in 
the layers (721) and (726). 

In another embodiment of the present invention, the active element (841) is 
preferably a strained-compensated multi-layered structure. In this embodiment, the layer 
(726) is Gaj. x In x As with an indium content xo. The active region includes a sequence of 
alternating layers of quantum wells, quantum wires or quantum dots formed by the 
deposition of Gaj_ x In x As with the indium content xj >xo, separated by spacer layers 
formed by the deposition of Gai_ x In x As with the indium content X2<xo, such that the active 
layer (841) is on average lattice-matched or nearly lattice-matched to the layer (721). 

The p-region (842) of the waveguide (840) is composed of a material transparent to 
the generated laser light, preferably lattice-matched or nearly lattice-matched to the layer 
(726), and doped by an acceptor impurity. A preferred embodiment is p-doped Ini_ x Ga x As 
with the same indium content as in the layer (726). 

The p-cladding layer (854) is preferably composed of any material, transparent to 
the generated laser light, having a lower-refractive index than the average refractive index 
of the waveguide (840), and doped by an acceptor impurity. For a GaAs-based device, the 
preferred material is p-doped Gai_ x Al x As. 

The edge-emitting laser (800) operates under a forward bias (763) applied through 
the structure to the active region (841). The waveguide (840) and the cladding layers (852) 
and (854) form an optical mode of laser radiation, and the laser light comes out 856 
through the front facet 850. 

Another embodiment of the present invention is a tilted cavity laser (TCL) made 
according to a design described in the paper by N.N. Ledentsov and V.A.Shchukin, "Novel 
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Concepts for Injection Lasers* \ Optical Engineering, Vol 41 (12), pp. 3193-3203 (2002), 
which is incorporated herein by reference. Briefly, a tilted cavity laser is preferably 
designed such that a cavity is sandwiched between a bottom mirror and a top mirror. Both 
mirrors are preferably designed as multilayered mirrors. The major difference between a 
5 VCSEL and a TCL is that both the cavity and the mirrors in a TCL are in resonance to an 
optical mode, which propagate at a certain angle S to the normal to the mirror planes. 

There are many advantages to a tilted cavity laser. First, a tilted cavity laser may 
be used as both a surface emitting laser and an edge emitting laser. Second, the resonant 
conditions for the cavity and the mirrors are independent, thus providing a selection of 
both the angle & and the wavelength of the emitted laser light. Third, the reflectivity of a 
tilted mode from a multilayered mirror is significantly higher than that of a vertical mode, 
which allows the device to reach the same high finesse of the cavity by using a mirror 
having a smaller number of layers and a smaller total thickness. Fourth, when a tilted 
cavity laser is used as a surface emitting laser, one of the preferred embodiments is such 
that the angle $ exceeds the angle of the total internal reflectance at the boundary between 
the semiconductor material of a cavity and the vacuum, and the emitted laser light is 
directly coupled via the near field to an optical fiber. This significantly reduces diffraction 
losses at the coupling to a fiber. Fifth, when a tilted cavity laser is used as an edge- 
emitting laser, it provides a strong wavelength stabilization of the emitted laser light. In a 
preferred embodiment of the present invention, at least part of the cavity of the TCL is 
formed by a method of the present invention. 

Yet another embodiment of the present invention is a GaAs-based tilted cavity 
laser. This laser emits laser light at a wavelength in the wavelength region 1.4 to 1.8 jam 
and beyond. 

25 An alternative embodiment of the present invention is a GaN-based edge-emitting 

laser, in which at least a part of the waveguide is made by using the method of the present 
invention. This laser emits laser light in the wavelength region from green light to 
ultraviolet light. 

Another embodiment of the present invention is a GaN-based vertical cavity 
30 surface emitting laser. At least part of the cavity in the VCSEL is made by a method of 
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the present invention. This laser emits laser light in the wavelength region from green 
light to ultraviolet light. 

In yet another embodiment of the present invention, a GaN-based tilted cavity laser 
(TCL), in which at least a part of the cavity is made by a method of the present invention, 
emits laser light in the wavelength region from green light to ultraviolet light. 

It is appreciated that certain features of the invention, which are, for clarity, 
described in the context of separate embodiments, may also be provided in combination in a 
single embodiment. Conversely, various features of the invention, which are, for brevity, 
described in the context of a single embodiment, may also be provided separately or in any 
suitable subcombination. 

All publications, patents and patent applications mentioned in this specification are 
herein incorporated in their entirety by reference into the specification, to the same extent 
as if each individual publication, patent or patent application was specifically and 
individually indicated to be incorporated herein by reference. In addition, citation or 
identification of any reference in this application shall not be construed as an admission that 
such reference is available as prior art to the present invention. 

Although the invention has been illustrated and described with respect to 
exemplary embodiments thereof, it should be understood by those skilled in the art that 
foregoing and various other changes, omissions and additions may be made therein and 
thereto, without departing from the spirit and scope of the present invention. Therefore, 
the present invention should not be understood as limited to the specific embodiments set 
out above but to include all possible embodiments which can be embodied within a scope 
encompassed and equivalents thereof with respect to the features set out in the appended 
claims. 



